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Mission driven structural materials development

Fusion Power Plant
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Mission driven structural materials development

Devices Requirements Materials selection
and development
ITER m Radiation resistance
TBM DEMO: ~80 dpa Reduced Activation
& PROTO: 150 dpa Ferritic/Martensitic Steels
DEMO _ _ m Selection based on
Ianket m Corrosion resistance & excellent experience with
. - compatibility with coolants commercial 9-12% Cr steels

Attractive th hlies m Broad based R&D over
. ractive thermo-physica ~10 years in EU towards

properties - low activation

. : - performance improvement
| J!(r)\;:]lij:;rlal manufacturing & EUROFER
DEMO
Divertor m Fast decay of
- radioactive inventory RAF(M)-ODS steel

m Wide Temperature window
Blanket: ~250 - 550(650) °C

Divertor: ~600 - 1200 °C Tungsten alloys
Brazing materials
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—— MANET-II
—O—OPTIFER '3
| EUROFER-97 3
- —/— F82H-mod -

. —O—EUROFERTef. 3
——Fe il

1 i ? . - ‘ :
10 High Level Waste \ D\

1 0_2 “\ _ ;Remote ‘Recycling:; Level
E Medium Level Waste i U_U'Q_Q\Q\O \E\l

Surface Gamma Dose Rate [Sv/h]

Hands-on Level

10° 10° 10" 10° 10" 10* 10° 10* 10° 10°

Time after Irradiation [y]

Priority:
Low activation

Long term irradiation
(12.5 MWa/m?) of a
DEMO reactor first wall

Huge progress in the development
of reduced activation FM steels:

* ,Low level waste” already
after ~100 years

* No “high level” waste disposal

* The impurities Nb and Mo are
dominating the hatched area
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Basic Composition of ODS-EUROFER

RAFM Steels:

Replace critical alloying elements e.g. Nb = Ta, Mo= W

Alloy Heat C Si Mn | Cr Vv W | Ta Y,0;
EUROFER |E 83699 0.12 | 0.06 (0.42|8.87|0.19|110(0.14|+| 0.3 or 0.5

All values in wt.-%

Nb, Mo, Ni, Cu, Al, Co restricted to ppm-values
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Dual-Coolant Pb-Li/He Blanket

He-Systems
Outboard Blanket Segment

1 x1.4 x 12 m3 (rad x tor x pol)

__ Shield

/

o i1 i

§§ / / / 5/ /

| 74

SIC/SIC
ODS-Layer I(i‘I;ae?tr;el = Diffusion welding of
plated to FW EUROFER grooved plates

Structure (First wall and grids)

(FW + Grids)
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Production of ODS-EUROFER

EUROFER 97 Masteralloy (BOHLER)
200 kg

A4

EUROFER Powder (<150um) | |nert Gas Atomisation

150 kg (H.C. Starck)
Aﬂechanical A||O%§\
(PLANSEE)
ODS-EUROFER Powder ODS-EUROFER Powder
(0.3 wt.-% Y,03) (0.5 wt.-% Y,03)
50 kg 50 kg
Hot Isostatic Pressing
(PLANSEE)
ODS-EUROFER Bar ODS-EUROFER Rods ODS-EUROFER Rods
(0.3 wt.-% Y,03) (0.3 wt.-% Y,03) (0.5 wt.-% Y,03)
20 kg, 50x150x300 mm?3 30 kg, 4 pieces, @60x300 mm?3 30 kg, 4 pieces, @60x300 mm?3

y

ODS-EUROFER Plate Roling
(0.3 Wt.-% Y,05)
20 kg, 6x400x1200 mm3 (PLANSEE)
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Y,0, particles - spatial and size distribution
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N - R. Coppola
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Orientation relationship of Y,0, particles and matrix

[110]Y,0, || [111]FeCr
(111)Y,0, || (1 01)FeCr
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Correlation of crystalline orientation of Y,0, particles

FFT upper particle FFT lower particle

[110] - zone axis [110] - zone axis
0, =0.306 Nm d.,,,=0.306 nm

FFT both particles
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Ultimate Tensile Strength R, of ODS-EUROFER
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Total and Uniform Elongation of ODS-EUROFER
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Creep Behaviour of ODS-EUROFER compared to EUROFER 97

Master-Curve

(Larson-Miller-Parameter)

1000
‘© ODS-EUROFER
R =T .
= EUROFER se|
Je. 1=
@ 100 oo rs
® EUROFER 97, different heat treatments
* ODS-EUROFER 0.5% Y203, HIP, as-rec. :
= ODS-EUROFER 0.3% Y,O,, plate, trans., 1100°C 30'+750°C 2h ODS'EURQFER'
U ODS-EUROFER 0.3% Y,0,, plate, long., 1100°C 30'+750°C 2h (L EMIACRETgleelAEE
0 = ODS-EUROFER 0.3% Y,0,, plate, trans, 980°C 30'+750°C 2h been increased by
22 24 26 28 30 y  ~100°C 10650 °C

e m Almost isotropic
P=T (30 +logt )10 properties
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Instrumented Impact Tests on KLST Specimens:
Energy Values and Comparison with EUROFER 97
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PM2000, L-T, ENEA
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Cr-rich phases in ODS-EUROFER

as-hipped thermomechanical treatment

HAADF

i o

B Fe/Cr 91% /9%
B Fe/Cr 50% /50%
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Tensile Properties of diffusion-welded

ODS-EUROFER - EUROFER Joints

I I — I = B Ultimate Tensile Strength
R and Yield Strength of
B Joints almost identical
A to EUROFER 97 base
I [ o B Fracture never occurred
5 R S g LR in diffusion bond
R 1 SonSy
0.2 i 1N AN .y
P i m Good ductility
ﬁ from RT-700°C
L l .
--® - EUROFER Heat 83699 AN
| - Joint 06 ODS/EUROFER LIS .
¢ Joint 06 EUROFER base <;~\ﬂ
®
- HIP Temperature 1100°C —
PHHT 1040°C 30' + 750°C 2h
1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 '
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Test Temperature [°C] 17
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Impact Properties of diffusion-welded
ODS-EUROFER - EUROFER Joints

10 ' | ' | ' T -
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v
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Impact Properties of diffusion-welded
ODS-EUROFER - EUROFER Joints
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Products of EU ODS-EUROFER

m———— =}

ODS-EUROFER:

- EFDA m 50 kg batch produced
EUROPEAN FUSION DEVELOPMENT AGREEMENT

B Scaleable technology
19
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Chemical composition of some RAF ODS batches

Alloy Cr W Ti Y,0;
12YWT | 12.3-12.6 | 2.44-3.0 | 0.35-0.39 0.25
J12YWT 13 3 0.4 0.25
U14YT 14 - 0.4 0.25
U14YW 14 3 - 0.25
U14YWT 14 3 0.4 0.25
O14YWT 14.2 1.95 0.4 0.25
N. Baluc, CRPP

U=UCSB, O=ORNL

(Y, Ti,O) nano-clusters
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Total Elongation A
of ODS-EUROFER and 12YWT

22
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Creep Behaviour of 12YWT, PM 2000 and ODS-EUROFER
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Nanocomposited Ferritic (NCF) Steel

AN

T A LN AR

svery high number density of ~10%4/m
of uniformly distributed nanoclusters
- site occupancy on bcc Fe lattice

- average size ry = 2.0 (+/- 0.8) nm

*elongated grains containing high
dislocation number density (TEM) o
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Low Temperature Toughness Behavior in MA957

Transverss

L ongitu dinal ||

o b | | | | | | ]
. % % =200 -150 =100 -50 0 A 100 150
Temperature (°C)
L-R C-L C-R

1/3-sized Charpy Specimens

 Fracture toughness trends reflect the microstructural anisotropy in the
longitudinal direction (parallel to extrusion direction)

- correlated with 10:1 aspect ratio of grain size and Al,O, stringers

- highest toughness is achieved when the crack propagates orthogonal to
elongated grains and Al,O, stringers - (L-R orientation)

(Odette, Alinger: UCSB) 25
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Ongoing work on RAF-ODS steels in Europe

Alloy Fe Cr )} Ti Y,03
FZK14YWT rem. 14 1.2  [0.2-0.3-0.4| 0.3
FZK14YWT rem. 14 2 0.2-0.3-0.4| 0.3

CRPP12YWT| rem. 12 2 0.1-0.3-0.5| 0.3
CRPP14YWT| rem. 14 2 0.1-0.3-0.5| 0.3

FZK: variation of W, Ti
CRPP: variation of Cr, Ti
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Oxide dispersion strengthened RAF(M) Steels
- Main Conclusions -

12-16% ODS | Higher operational Anisotropic mechanical
ferritic steel temperature properties

Better oxidation Poor fracture toughness

resistance
9% ODS Nearly isotropic Limited to temperature below
ferritic/ properties after heat |~700 C
martensitic treatment Marginal oxidation resistance
steel Scaleable fabrication | at high temperatures

Poor fracture toughness

Both ODS alloys promise much better radiation resistance against
ductility reduction as RAF(M) steels without nano-dispersoides

27
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ODS RAFM Steels TEM Element Analysis

- Imaging of Ar in Nano-Bubbles -

TEM Bright field Energy Filtered TEM (EFTEM)

A 20 S
16 1
14 1

-
N
L

10 -

Intensitat

BFe HAr BY,TiO,

M. Klimiankou, FZK

B Usually (notin ODS-EUROFER) Ar gas is used during mechanical alloying
m Hope: Nano-dispersoides (Y,O, Y,Ti,O,) are also very effective trapping

centers for helium during irradiation (— suppression of He embrittlement) 08
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ODS RAF(M) Steels Neutron Irradiation

A. Kimura et al, ISFNT-7, May 2005

JUPITER-II

9Cr-ODS stee

X
—
7]
2]
@
|
ot
7))
2
7]
c
@
[

9Cr Martensitic stegl 12Cr Ferritic stegl

Irradiated in HFIR-14J Irradiated in HFIR-14J
(300°C, 2.8 dpa) (300°C, 2.8 dpa)

10 15 20 25 5 10 15 20 25
Tensile Strain/ % Tensile Strain / %

m Outstanding result of lower dose irradiation:
Despite of Radiation hardening:
ODS-RAFM alloys show almost no ductility reduction 29
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ODS RAFM Steels

EUROFER ODS EUROFER

Neutron lrradiation
C. Petersen et al, ICFRM-12, Dec. 2005

Total Strength

EUROFER ODS EUROFER

1000

800
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600

R_[MPa]

1000

800+

200

600

400 A

unirradiated

irradiated 15 dpa
no annealing
annealing 450°C

annealing 550°C

Total Elongation

Uniform Elongatlon

1, EUROFER ODS EUROFER 2, EUROFER ODS EUROFER

184 —

A [%)]

8
6
4
2
0

B Outstanding result of medium dose irradiation (15 dpa at 320 °C):

Despite of irradiation hardening: ODS-EUROFER (although non-optimized first
batch) shows much less reduction of uniform elongation as EUROFER 30
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Conclusions and Outlook

ODS-variants of EUROFER would allow higher operational temperatures
up to 650°C compared to EUROFER.

The problem of an unfavourable DBTT has been improved considerably by
applying an appropriate production route and heat treatment.

A suitable technique to join EUROFER and EUROFER-ODS has been
successfully developed and tested. Other joining methods also promising.

A 50kg batch of ODS-EUROFER in different product forms has been
produced and is going to be characterised.

Reduced Activation Ferritic 12-14% Cr ODS steels would allow
to expand the temperature window to 700°C and more.

First results from irradiation experiments are very promising.

31
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